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Systems/Circuits

1-Opioid Receptor Activation Reduces Glutamate Release in
the PreBotzinger Complex in Organotypic Slice Cultures

Anders B. Jorgensen, Camilla Mai Rasmussen, and “Jens C. Rekling
Department of Neuroscience, University of Copenhagen, Copenhagen N DK-2200, Denmark

The inspiratory rhythm generator, located in the brainstem preBotzinger complex (preBotC), is dependent on glutamatergic
signaling and is affected profoundly by opioids. Here, we used organotypic slice cultures of the newborn mouse brainstem of
either sex in combination with genetically encoded sensors for Ca’*, glutamate, and GABA to visualize Ca®", glutamatergic
and GABAergic signaling during spontaneous rhythm and in the presence of DAMGO. During spontaneous rhythm, the gluta-
mate sensor SF-iGluSnFR.A184S revealed punctate synapse-like fluorescent signals along dendrites and somas in the preBotC
with decay times that were prolonged by the glutamate uptake blocker (TFB-TBOA). The GABA sensor iGABASnFR showed a
more diffuse fluorescent signal during spontaneous rhythm. Rhythmic Ca’*- and glutamate transients had an inverse rela-
tionship between the spontaneous burst frequency and the burst amplitude of the Ca®* and glutamate signals. A similar
inverse relationship was observed when bath applied DAMGO reduced spontaneous burst frequency and increased the burst
amplitude of Ca®", glutamate, and GABA transient signals. However, a hypoxic challenge reduced both burst frequency and
Ca®" transient amplitude. Using a cocktail that blocked glutamatergic, GABAergic, and glycinergic transmission to indirectly
measure the release of glutamate/GABA in response to an electrical stimulus, we found that DAMGO reduces the release of
glutamate in the preBotC but has no effect on GABA release. This suggest that the opioid mediated slowing of respiratory
rhythm involves presynaptic reduction of glutamate release, which would impact the ability of the network to engage in
recurrent excitation, and may result in the opioid-induced slowing of inspiratory rhythm.
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Opioids slow down breathing rhythm by affecting neurons in the preBotzinger complex (preBotC) and other brainstem
regions. Here, we used cultured slices of the preBotC to better understand this effect by optically recording Ca*>*, glutamate,
and GABA transients during preBotC activity. Spontaneous rhythm showed an inverse relationship between burst frequency
and burst amplitude in the Ca*" and glutamate signals. Application of the opioid DAMGO slowed the rhythm, with a con-
comitant increase in Ca’ ", glutamate, and GABA signals. When rhythm was blocked pharmacologically, DAMGO reduced the
presynaptic release of glutamate, but not GABA. These data suggest the mechanism of action of opioids involves presynaptic
reduction of glutamate release, which may play an important role in the opioid-induced slowing of inspiratory rhythm. /

connections to GABAergic and glycinergic neurons in the
preBotC (Rekling et al., 2000; Pace et al., 2007; Bouvier et al.,
2010; Koizumi et al., 2013, 2016; Guerrier et al., 2015; Kottick
and Del Negro, 2015; Song et al., 2015; Baertsch et al., 2018;
Baertsch and Ramirez, 2019). Studying the involvement of
glutamatergic transmission in respiratory rhythm generation
has relied on electrophysiological and pharmacological meth-
ods. However, advances in genetically-encoded Ca*>" and trans-
mitter sensors (Dong et al., 2022) permit optical studies of
neuronal activity and transmitter dynamics in circuits such as

ignificance Statement

Introduction

Inspiratory rhythm is dependent on glutamatergic neurons
in the preBotzinger complex (preBo6tC) that form local exci-
tatory networks (Richter and Smith, 2014; Ikeda et al., 2017;
Del Negro et al., 2018; Ramirez and Baertsch, 2018). The
circuit connecting these glutamatergic neurons is unknown,
but likely include recurrent connections and reciprocal
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the preBotC. Here, we combine the use of organotypic slice cul-
tures and AAV-mediated expression of the glutamate sensor
SE-iGluSnFR.A184S (Marvin et al., 2018) to directly visualize
glutamate transients in the preBotC. In addition, we use the
Ca®" sensors jGCaMP7f/jJRCaMP1b and the GABA sensor
iGABASNFR to gain a better understanding of the synaptic
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dynamics during opioid-mediated slowing of the preB6tC
rhythm.

Opioid-mediated signaling plays an important role in the
control of breathing (Palkovic et al., 2020; Ramirez et al,
2021; Bodnar, 2022). Four regions appear to be involved in
opioid-related modulation of breathing, the parabrachial nu-
cleus/Kolliker-Fuse complex, the preBo6tC, the nucleus tractus
solitarius (NTS), and the caudal medullary raphe (Levitt et al.,
2015; Miller et al., 2017; Bachmutsky et al., 2020; Varga et al,,
2020; Liu et al., 2021; Palkovic et al., 2022). The preBotC net-
work becomes active during the last third of gestation in mice,
and opioids have a depressant action on the isolated preBstC
already manifested at this embryonic stage (Chevalier et al.,
2016). In juvenile and adult animals, opioids injected into
the preBotC produce variable effects raging from respiratory
depression to increased breathing frequency (Ramirez et al.,
2021). However, a consistent depressant action of opioids is
seen on preBotC-driven rhythm in reduced in vitro prepa-
rations, and the discrepancy has been attributed to neuro-
modulatory mechanisms within the preBotC, capable of
compensating for the depressant effects of opioids in intact
brains.

The cellular mechanisms that underlie the depressant actions
of opioids on respiratory rhythm are not fully understood,
but are hypothesized to involve postsynaptic hyperpolarization
and presynaptic control of transmitter release. In the preBotC
opioids act through p-opioid receptors (MORs) which are only
sparsely expressed (Hayes et al., 2017; Bachmutsky et al., 2020;
Kallurkar et al., 2022), and application of MOR agonists lead to
postsynaptic hyperpolarization (Gray et al., 1999; Haji et al,,
2003; Inyushkin, 2007; Montandon et al., 2011, 2016; Baertsch
etal., 2021; Ramirez et al., 2021). However, postsynaptic hyper-
polarization is not sufficient alone to explain the reduction in
breathing frequency, since optogenetically-induced silencing of
interburst spike activity of MOR-expressing preB6tC neurons
does not produce an opioid-like effect on respiratory frequency
(Baertsch et al., 2021). Commissural preB6tC neurons show
reduced EPSP amplitude after DAMGO exposure (Baertsch et
al., 2021), and the slope of preBotC EPSPs evoked from contra-
lateral preBotC electrical stimulation is reduced by DAMGO
(Takeda et al., 2001). Miniature EPSPs show a reduced sponta-
neous frequency when DAMGO is present (Wei and Ramirez,
2019). Together, these data suggests that opioids might affect
glutamatergic transmission presynaptically in preBétC neurons.
Here, we confirm this using organotypic slice cultures from
newborn mice in combination with genetically encoded sensors
for Ca®*, glutamate, and GABA, demonstrating a depressant
action of DAMGO on the presynaptic release of glutamate, but
not GABA, in the preBotC.

Materials and Methods

Preparation of organotypic brainstem slice cultures

All animal procedures were performed in accordance with the University
of Copenhagen animal care committee’s regulations. Organotypic slice
cultures, containing the preBotC, were prepared using United States
Naval Medical Research Institute (NMRI) mice postnatal ages postnatal
day (P)2.5-P10.5. Following complete anesthesia with isoflurane (Baxter),
mice of both sex were euthanized and immediately hereafter dissected in
sterile-filtered chilled dissection artificial CSF (aCSF) containing the fol-
lowing: 135 mm glycerol, 2.5 mm KCl, 1.2 mm NaH,PO,, 30 mm NaHCO;,
5 mm HEPES acid, 15 mm HEPES base, 25 mm D-glucose, 5 mm sodium
ascorbate, 2 mum thiourea, 3 mum sodium pyruvate, 10 mm MgSO,, and 0.5
mm CaCly; final osmolarity adjusted to 300-310 mOsm using glycerol or
water, pH 7.3, equilibrated by bubbling with 95% O,/5% CO,. Using a
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vibrating microtome (ThermoFisher Scientific Microm 650V, RRID:SCR _
008452) a single, transverse medullary brainstem slice was cut (400-um
thickness) at the level of the preBotC. After the acute preparation, one to
four slice cultures were placed on semi-porous culture well inserts using
the Stoppini interface method (Millipore catalog #PIC03050, RRID:SCR _
008983). Cultures were kept in organotypic culture media containing:
95% Neurobasal-A medium (ThermoFisher Scientific, catalog #10888-
022, RRID:SCR_008452), 2% B-27 supplement (ThermoFisher Scientific,
catalog #17504044, RRID:SCR_008452), 2 mm GlutaMAX (ThermoFisher
Scientific, catalog #35050-038, RRID:SCR_008452), 0.5 um T3 (Sigma-
Aldrich, catalog #T6397, RRID:SCR_008988), 0.5 um T4 (Sigma-Aldrich,
catalog #T1775, RRID:SCR_008988), 10 ug/l GDNF (PeproTech, catalog
#450-44, RRID:SCR_006802), 200 U/ml penicillin, 5 pig/ml streptomycin,
and 10 mm HEPES and pH was set at 7.25. The cultures were kept in a
humidified incubator at 35°C, with 5% CO, until their use for experimen-
tation and given fresh medium every 48 h. For the first 3 d, the cultures
were treated with 10 um MK-801 (Sigma-Aldrich, catalog #M107, RRID:
SCR_008988).

Neuronal labeling with SF-iGluSnFR.A184S, iGABASnFR, and GECIs
Organotypic slice cultures were transduced with viral AAV constructs
containing the genes for SF-iGluSnFR.A184S (pAAV.hSynapsin.SF-
SF-iGluSnFR.A184S.A184S, AAV-retrograde, Addgene, catalog #06174-
AAVrg, RRID:Addgene 106174, abbr: AAVRetro-SF-iGluSnFR.A184S),
iGABASNFR (pAAV.hSynap.iGABASnFR, AAV1, Addgene, catalog
#112159-AAV1, RRID:Addgene_112159, abbr: AAV1-iGABASnFR),
jGCaMP7f (pGP-AAV-syn-jGCaMP7f-WPRE, AAV retrograde, Addgene,
catalog#:104488, RRID:Addgene 104488, abbr: AAVRetro-jGCaMP7f) and
jRCaMP1b (pAAV.Syn.NES-JRCaMP1b.WPRE.SV40, AAV9, Addgene,
catalog #100851, RRID:Addgene_100851, Abbr: AAV9-jRCaMP1b). The
AAV viruses were diluted in ultrapure water and cultures were transduced
the day after they were prepared, either by adding a drop of virus solution
directly on top of a slice culture, infecting the entire culture, or by injection
of ~50-nl virus solution in the ventrolateral area using a single-barrel
glass micropipette, primarily infecting the preBo6tC area. AAVRetro-
SF-iGluSnFR.A184S or AAV1-iGABASnFR (~2 x 10" vg/ml) were
bilateral-injected, and for co-transductions with GECI, slices were first
unilateral-injected with AAVRetro-jGCaMP7f (~2 x 10" vg/ml) in
the right ventrolateral area followed by a drop transduction with
AAV9-jRCaMP1b (~3 x 10'% vg/ml) of the entire culture the follow-
ing day. We suspect that drop transduction of the entire culture and
local injections may lead to different expression levels. Cultures were
used for experiments 9-35 d (average: 17.5) after transduction.

Recirculating aCSF and electrophysiology

Spontaneous rhythmic activity generated in the slice cultures was
recorded in an in vitro chamber with a recirculating system (29°C) filled
with a high-excitability aCSF (high-aCSF) containing the following: 124 mm
NaCl, 3 mm KCl, 5 mm KH,PO,, 25 mv NaHCO3, 25 mum D-glucose, 1 mm
ascorbic acid, 1 mm MgCl,, and 1.5 mm CaCl, (all from Sigma-Aldrich,
RRID:SCR_008988), with pH 7.4, equilibrated by bubbling with 95%
0,/5% CO,. In the TFB-TBOA experiments a low-aCSF composed of
the following: 124 mm NaCl, 2 mm KCI, 1.25 mm NaH,PO,, 25 mm
NaHCOs3, 25 mm D-glucose, 1 mm ascorbic acid, 6 mm MgCl,, and 3 mm
CaCl, (all from Sigma-Aldrich, RRID:SCR_008988), with pH 7.4, equili-
brated by bubbling with 95% O,/5% CO,, was used to stop spontaneous
rhythmic activity in the slice.

Electrical field stimulation was done using a sharp bipolar tungsten
electrode, +/— poles ~500 pm apart. After the preB6tC had been identi-
fied and spontaneous rhythm was brought to cessation by adding
NBQX, CPP, gabazine, and strychnine, the bipolar electrode was placed
on the culture surface encompassing the core preBotC. Trains of unipo-
lar pulses with constant voltage (interval: 20 ms, pulse duration: 2 ms,
amplitude: 4.5-6 V) were used to stimulate fibers and somas between
the two poles, using a stimulus isolation unit gated by a waveform gener-
ator (A.M.P.I. ISO-Flex isolator, RRID:SCR_018945, AMPI Master 8
generator, RRID:SCR_018889).

Electrical microstimulations were done with micropipettes that were
pulled from filamented theta capillary glass (OD/ID 1.5/1.02 mm,
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septum 0.2 mm, World Precision Instruments, RRID:SCR_008593)
using a PUL-100 micropipette puller (World Precision Instruments,
RRID:SCR_008593) to a tip resistance of 4-6 M()). The glass pipettes
were then filled with a NaCl (1 m) solution to act as a carrier of current
and two silver electrodes, +/—, were inserted into the pipette. Identical
to the field stimulation the preBstC was first identified as spontaneously
rhythmically active, then brought to cessation (with low-aCSF, CPP, and
NBQX), and the micropipette was inserted into the preB6tC. Trains of
bipolar pulses with constant current (interval: 20ms, pulse duration:
2ms, 80-100 pA), were used to stimulate fibers and neurons adjacent to
the tip of the pipette with the same stimulation unit used for field stimu-
lation. Both types of stimulus electrodes were guided visually to the
desired region using a MPC-200 micromanipulator system (Sutter
Instruments) under 10x and 40X magnification. In all stimulation
experiments, the stimulation itself was applied 1.5 s after the optical re-
cording had begun.

Drug application

Glutamatergic and GABAergic transmission was blocked using 20 um
NBQX disodium salt (AMPA receptor antagonist, Tocris Bioscience, cat-
alog #1044, 20 mm stock, in H,O, RRID:SCR_003689), 20 um CPP
(NMDA receptor antagonist, Tocris Bioscience, catalog #0173, 20 mm
stock, in H,O, RRID:SCR_003689), 1 uMm strychnine (glycine receptor
antagonist, Sigma-Aldrich, catalog #58753, 1 mM stock, in H,O, RRID:
SCR_008988), and 20 um gabazine (GABA 4 receptor antagonist, Sigma-
Aldrich, catalog #505986, 20 mM stock, in H,O, RRID:SCR_008988). In
some experiments, 5 um TFB-TBOA (a potent and selective glial gluta-
mate transporter EAAT1 and EAAT?2 inhibitor, Tocris Bioscience, cata-
log #2532, 1 mm stock, in DMSO, RRID:SCR_003689), was added to the
recirculating aCSF. For puffing experiments the drugs used were: 1 um
TTX (Tocris Bioscience, catalog #1078, 3 mm stock, in H,O, RRID:SCR_
003689, bath applied), 1 mm glutamate (Sigma-Aldrich, Product number
#G5889, 1 mm stock, in H,O, RRID:SCR_008988), and 1 mm GABA
(Sigma-Aldrich, Product number #A2129, 1 mum stock, in H,O, RRID:
SCR_008988). For DAMGO experiments, 1 um DAMGO (selective
MOR agonist, Tocris Bioscience, catalog #1171, 1 my, in H,O, RRID:
SCR_003689) was added and in some of these experiments, cadmium
sulfate 100 um (Sigma-Aldrich, catalog #481882, 5 mm stock, in H,O,
RRID:SCR_008988) was used to block transmitter release.

Imaging of glutamate, GABA, and Ca®*

Imaging of the glutamate/GABA sensors and GECIs was done using
wide-field fluorescence on a fixed-stage upright microscope (modified
Olympus BX51, RRID:SCR_018949), illuminated by a metal halide light
source (PhotoFluor II, 89North) or a blue (470 nm) LED light source
(M470L2, Thorlabs). Red and green channel fluorescence was visualized
using a dual-bandpass filter set (Chroma 59022: excitation dual bandpass
450-490/555-590 nm, emission dual bandpass 500-543/603-665 nm).
Time series acquisition was performed with a sSCMOS camera (Neo
DC-152Q, Andor Technology) controlled by SOLIS software (Andor
Technology). SF-iGluSnFR.A184S was imaged with time-series of 50—
400 frames at a frequency of 5-20 frames/s. iGABASnFR was imaged
using time-series 30-200 frames at a frequency of 5-10 frames/s. Ca*"
(jGCaMP7f, jRCaMP1b) was imaged used time-series of 100-400 frames
at a frequency of 5-10 frames/s. Imaging protocols employed 10x (NA
0.3), 20x (NA 0.5), 40x (NA 0.8), 63x (NA 0.95) water immersion
objectives.

Experimental design and statistical analysis

Glutamate, GABA and Ca®* transients were calculated as the percent
change in fluorescence relative to baseline values (AF/F,). AF/F, (F1-Fo/
Fo) was calculated by setting F, as the baseline point just before a burst
occurred and F1 as the peak of that same burst. For stimulus-induced
transients F, was set as the minimal value just before the stimulation
triggered response and F1 as the peak intensity. The intensity values
used for the calculations were collected either as a summation of the
entire field of view fluorescence using a rectangular region (referred to
as a network-region of interest (ROI), sized from 395 x 395 pixels to
1245 x 1047 pixels, or from individual putative synapse-like structures
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using circular ROIs (referred to as synapse-ROlIs) sized 10 x 10 pixels.
When imaging the effect of DAMGO on spontaneous rhythmic activity
a standard ROI of 640 x 520 pixels was used.

Optical data were analyzed offline using Image] 1.53d (Image],
RRID:SCR_003070), and Igor Pro 8 (IGOR Pro, RRID:SCR_000325).
Electrophysiological data were acquired using pClamp 10.3 (pClamp,
RRID:SCR_011323). All statistical tests and graphics were performed
using GraphPad Prism 8 (GraphPad, RRID:SCR_002798). When rele-
vant data were verified for normal distribution with Shapiro-Wilk test,
then analyzed using one-way ANOVA with Tukey’s post hoc test and
unpaired and paired Student’s ¢ test both two and one-tailed. Some data
were fitted to a nonlinear power function (Y=A X X + C x XP).
Results are, in the text, reported as mean * standard deviation, and
graphically as mean = SEM; N = number of cultures, n = number of
punctuate synapse-like structures, or spontaneous burst cycles.
Statistical significance was set at p=0.05 based on the culture num-
ber for system and neuronal activity data (p>0.05=ns, *p <0.05,
#p < 0.01, **p < 0.001, ***p < 0.0001).

Results

Organotypic slice cultures of the brainstem containing the
preBotC generate spontaneous bilateral synchronous network
oscillations (Phillips et al., 2016), and the long-term culture con-
ditions permit the use of adeno-associated viral techniques to
express GECIs visualizing cellular, and subcellular Ca** transi-
ents during rhythmic activity (Phillips et al., 2018; Daniel Gomez
et al., 2021). Here, we extended this culture system to express ge-
netically-encoded sensors for glutamate and GABA to directly
visualize the release of these transmitters in the preBo6tC.

Visualization of glutamatergic and GABAergic signaling in
the rhythmic preBo6tC, using the glutamate and GABA
sensors SF-iGluSnFR.A184S and iGABASnFR
Bilateral injections of the ventrolateral area of organotypic slice
cultures with AAVRetro-SF-iGluSnFR.A184S, enabled imaging
of spontaneous rhythmic glutamate transients in the preBotC. At
low magnification Objective ((Obj.) 5-10x) the labeled preBstC
was identifiable with clear neuronal labeling and rhythmic activ-
ity (Fig. 1A). High magnification (Obj. 40-63x) allowed for
detailed imaging of the soma-dendritic regions of single SF-
iGluSnFR.A184S-labeled neurons during rhythmic activity (Fig.
1E). It was evident that the release of glutamate had a punctate
spatial distribution, appearing as small high-intensity areas on
the soma and dendritic areas of the labeled neurons, and these
“hotspots” of glutamatergic fluorescence signals are hypothesized
to be putative glutamatergic synapses. To compare the bursting
dynamics of the summed network and these individual putative
glutamatergic synapses, the temporal kinetics of the fluorescence
signal was analyzed using two types of ROIs. A network-ROI,
which encompassed the entire preBotC, and a synapse-ROI,
which only encompassed a single putative synapse (Fig. 1A).
No significant difference was found between the frequency
[network-ROI: 24+ 11 burst/min, synapse-ROI: 27 * 10
burst/min, unpaired Student’s t test, ;) = 1.05, p=0.30
(ns); Fig. 1B], the risetime [network-ROI: 0.28 £ 0.04 s, syn-
apse-ROI: 0.29 = 0.10 s, unpaired Student’s ¢ test, {7) = 0.64,
p=0.52 (ns); Fig. 1B], the halfwidth [network-ROI: 0.75 = 0.29
s, synapse-ROI: 0.81 = 0.35 s, unpaired Student’s ¢ test, t9) =
0.81, p=0.42 (ns); Fig. 1B], or the decay time [network-ROI:
1.8 £ 1.0 s, synapse-ROI: 1.4 £ 1.2 s, unpaired Student’s ¢ test,
tz0) = 1.45, p=0.15 (ns); Fig. 1B] of synapse-like structures and
the summed network activity (N =37, n=407).

To confirm that SF-iGluSnFR.A184S specifically senses gluta-
mate, 1 um TTX was added to the aCSF to inhibit spontaneous
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Figure 1.  Visualization of glutamate transients during spontaneous rhythmic activity, using the glutamate sensor SF-iGluSnFR.A184S. A, Cycle-triggered averaged image (9 cycles over a
20-s epoch) of the AF/F glutamate transients from a rhythmic slice culture, bilaterally injected with AAVRetro-SF-iGluSnFR.A184S. Dotted square represents a network-ROI encompassing the
PreBotC. Bottom right corner, Cycle-triggered averaged image (11 cycles over a 40-s epoch) of the AF/F glutamate transients from a single punctuate synapse-like structure, imaged at higher
magpnification, with a representation of a synapse-ROI (dotted circle). B, Left to right, Glutamate transient burst frequency, risetime, halfwidth, and decay time (median line and two quartile
lines), all measured with both network (N =40) and synapse-ROIs (N =37, n=407). €, AF/F (%) from a network-ROI of the rhythmic preB&tC seen in the image in panel A. D, Diagram of
the experimental paradigm validating the sensitivity of SF-iGluSnFR.A184S, and effect of pressure application of 1 mm glutamate or 1 mm GABA onto SF-iGluSnFR.A184S-labeled neurons with
TTX present. E, Left to right, Raw fluorescence image showing neuronal labeling with SF-iGluSnFR.A184S. Next are three images, all cycle-triggered averages (11 cycles over a 40-s epoch), of
AF/F glutamate transients, each image showing a different time relative to the peak of the averaged burst (1st: 300 ms before peak, 2nd: on peak, 3rd: 700 ms after peak, inset solid arrows).
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rhythm and action potential-driven transmitter release, which
was followed by pressure application of 1 mm glutamate or 1
mM GABA from a glass pipette placed near SF-iGluSnFR.A184S
labeled cells. These experiments showed that SF-iGluSnFR.
A184S has a high specificity toward glutamate over GABA
(N=3; Fig. 1D).

Putative glutamatergic synapses displayed two distinct
morphologies

The spatial outline of “hotspot” glutamate transients located on
labeled dendrites or somas had two distinct morphologic shapes,
an elongated tubular and a circular round synapse-like shape
(Fig. 1F). To discriminate between these two synapse-like shapes,
ROIs were hand drawn around the boundary of the putative
synapse and then grouped according to their calculated circu-
larity. A circularity below 0.7 was classified as tubular and
above 0.7 as circular (Fig. 1G). Tubular synapses displayed
slower kinetics with increased decay time (tubular: 1.42 = 0.65 s,
circular: 0.99 = 0.62 s, unpaired Student’s t test, tys = 2.69,
p=0.0087; Fig. 1H,I), halfwidth (tubular: 0.70 * 0.15 s, circu-
lar: 0.55=*0.14 s, unpaired Student’s t test, f;s) = 4.06,
p=0.0001; Fig. 1H,I), and risetime (tubular: 0.35 = 0.08 s, cir-
cular: 0.28 = 0.07 s, unpaired Student’s ¢ test, ¢75) = 3.80,
p=0.0003; Fig. 1H,I, N=5, n=22-55).

TFB-TBOA prolonged the decay time and halfwidth but not
the risetime of glutamate transients

To further investigate SF-iGluSnFR.A184S’s sensitivity, the gluta-
mate reuptake system in the preBotC was chemically inhibited
by adding the potent glutamate reuptake inhibitor TFB-TBOA
(5 um) to the recirculating aCSF. After identifying spontaneous
rhythmic activity in a culture, the rhythm was stopped by super-
fusion with low-aCSF, and by adding CPP (20 um) and NBQX
(20 um).

A theta-glass pipette, placed in the preBotC, was then used
to give microstimulation trains of 1, 6, and 10 electrical stimu-
lus pulses to evoke glutamate transients. The kinetics of the
resulting stimulus-induced glutamate transients were meas-
ured before and after adding TFB-TBOA. The control decay
time, in reponse to stimulation with a train consisting of 10
pulses, was markedly increased when TFB-TBOA was added
(one-way ANOVA, F=13.25, Turkey’s post hoc analysis, Ctrl.
vs TFB-TBOA, p=10.0007; Fig. 1]J,K) and halfwidth (one-way
ANOVA, F=10.42, Turkey’s post hoc analysis, Ctrl. vs TFB-
TBOA, p=0.0052; Fig. 1],K), but not risetime [one-way ANOVA,

«—

Notice the spatial resolution allows visualization of punctuate synapse-like gluta-
mate “hotspots” (empty arrows). F, High magnification of a preBotC dendrite over-
laid with glutamate transients (color normalized), highlighting the different
morphologies of the glutamatergic synapse-like structures (tubular and circular)
that can be seen on dendritic profiles. G, Examples of hand drawn ROIs, and their
calculated circularity, with an arbitrary threshold set at circ. = 0.7 as the border
between tubular and circular. H, Averaged traces from all bursts of tubular and cir-
cular ROIs drawn from the data represented in G. I, Decay time, halfwidth and rise-
time (mean = SEM) of glutamate transients from hand-drawn ROIs of both tubular
(circ. < 0.7, N=7, n=22) and circular synapse-like structures (circ. > 0.7, N=9,
n=55). J, Network-ROl AF/F glutamate transients (in low-aCSF, with 20 um
NBQX + 20 um CPP) from three stimulations in time epochs of 15 s with 10 pulses
before and after addition of 5 um TFB-TBOA. K, Left to right, Stimulation triggered
transients (1, 6, and 10 pulses) and their risetime, halfwidth, and decay time
(mean = SEM), before (gray bar) and after addition of 5 um TFB-TBOA (blue bar,
N=3,n=30).
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Figure 2. Visualization of GABA transients during spontaneous rhythmic activity, using
the GABA sensor iGABASNFR. A, Raw fluorescence image of a slice culture labeled with
iGABASNFR, and a network-ROI encompassing the PreBotC (dotted circle). B, Cycle-triggered
averaged image (28 cycles over a 40-s epoch) of the AF/F GABA transients from same slice
culture as in panel A. , Spontaneous GABA transient risetime, halfwidth, and decay time
(median line and two quartile lines), all measured with a network-ROl (N=40). D,
Spontaneous GABA transients in the network-ROI from the rhythmic culture depicted in panel
A. E, Diagram of the experimental paradigm validating the sensitivity of iGABASNFR, and
effect of pressure application of T mu glutamate or 1 mm GABA onto iGABASnFR-labeled neu-
rons with TTX present. Note that only application of GABA gives a noticeable florescence
response.

F=15.63, Turkey’s post hoc analysis, Ctrl. vs TFB-TBOA, p=0.99
(ns); Fig. 1K, N=3, n=30] of stimulus-induced glutamate
transients.

Visualization of GABA transients with iGABASnFR had a
diffuse and hazy appearance but still allowed temporal
measurements of GABA dynamics

To investigate the dynamics of GABA release during spontane-
ous rhythmic activity in the preBotC, organotypic slice cultures
were bilateral-injected with the AAV1-iGABASnFR in the ven-
trolateral area. Rhythmic GABA transients were observed and
imaging of the raw fluorescence signal showed clearly identifiable
neurons and processes (Fig. 24,D). However, looking at the
GABA dynamics over time, across multiple bursts (AF/F), the
image did not have the same punctuate synapse-like appear-
ance as the SF-iGluSnFR.A 184S labeling, and presented with a
hazy and more diffuse appearance (Fig. 2B). However, the flu-
orescence data acquired through a network-ROI was sufficient
for analysis of the temporal kinetics underlying the summed
preBotC GABA release dynamics (risetime: 0.22 = 0.08 s, half-
width: 0.37 £0.15 s, decay time: 1.70 = 0.43 s; Fig. 2C), and
burst frequency 32 * 17 burst/min (N=5). To also confirm
that iGABASnFR specifically senses GABA, 1 um TTX was
added to the aCSF to inhibit spontaneous rhythm and action
potential-driven transmitter release, which was followed by
pressure application of 1 mm glutamate or 1 mm GABA from a



Jorgensen etal. o preBotC Visualized by Ca®*, Glu, and GABA Sensors

A Frequency Amplitude Halfwidth
iGCaMP7f
0.4= 3=
T 80— m @
E > £
7 $0.3= i)
£ 60 E Z o
= = E
>
2 40- §0.2+ £
= 3 ’ ERE
£ 20— 20.1- g
® = ‘o
S & (@]
@ 0- 8o0.0 0
B iGCaMP7f (o] SF-iGluSnFR.A184S
— ™ Network-ROI Synapse-ROI
w oo 0.202y"@P
S e
203" Y .
° T 0.06- 015 o
2 . 2 °e
3, s ° °
0.2 = 3 )
g 5004 \e 0.10
& 15 .
20.14 20.02- ¢ 0.05 -
g g
hy E
80.0+ ©0.00- 0.00 =
0~ P% 0 20 40 60 0 20 40 60
Burst frequency (burst/min)
D iGCaMP7f SF-iGIuSnFR.A184S
- Synapse-ROI
3 2.O_Network ROI 4_y p
2 >
£ s g °
g 5 15- 3
£ 2= =
P T »
-g ; 1.0 = 2=
2 g4, ¥
g ] E 0.5 .. 1=
‘o 5 o
© 04 O 004 0
T T 1T 1 1T 1 1T 1 1
0 <%0 D% 0 20 40 60 0 20 40 60

Burst frequency (burst/min)

Figure 3. Relationship between burst frequency and amplitude, halfwidth of Ca®* and
glutamate transients. A, Left to right, Violin plots (all data point and median line and two
quartile lines) of spontaneous burst frequency, Ca>™ transient amplitudes (AF/F), and Ca**
transient halfwidths (jaCaMP7f) from preBotC network-ROIs. B, Relationship between burst
frequency and Ca®* transient amplitudes (black line is a nonlinear power function fit, as in
C-E). C, Relationship between burst frequency and glutamate transient amplitudes (AF/F,
SF-iGluSnFR.A184S) from network-ROls (N=44) and synapse-ROls (N=37, n=407). D,
Relationship between burst frequency and Ca’* transient halfwidths. E, Relationship
between burst frequency and glutamate transient halfwidths from network-ROls (N =44)
and synapse-ROls (N =37, n=407). Note the inverse relationship between burst frequency
and transient amplitudes and halfwidths for both sensors.

glass pipette placed near iGABASnFR-labeled cells. These
experiments showed that iGABASnFR has a high specificity
toward GABA over glutamate (N = 3; Fig. 2E).

Relationship between burst frequency and amplitude,

halfwidth of rhythmic Ca®>" and glutamate transients

Spontaneous rhythmic activity in the preBotC measured using
jGCaMP7f had a burst frequency of 33 17 burst/min, a Ca®"
transient amplitude of 0.08 = 0.07 AF/F, and halfwidth of
1.05 + 0.52 s (N =44; Fig. 3A). Violin plots of these measure-
ments showed a large variation around the mean. Thus, a given
culture might have half or double the mean burst frequency of

J. Neurosci., October 26, 2022 - 42(43):8066-8077 - 8071

the entire sample of 44 cultures (Fig. 3A). To determine
whether there was a relationship between the burst fre-
quency and the amplitude and halfwidth of both Ca®*- and
glutamate transients (with SF-iGluSnFR.A184S data from
both network-ROI and synapse-ROI) these variables were
plotted against each other (Fig. 3B-E). Interestingly, rhyth-
mic Ca’>" transients and glutamate transients had an inverse
relationship between the spontaneous burst frequency and the
amplitude fluorescence from the given sensor (Fig. 3B,C).
This inverse relationship was also observed between the burst
frequency and burst halfwidth of the Ca’" and glutamate
transients (Fig. 3D,E). Thus, as the burst frequency increase
the corresponding burst amplitude and halfwidth decrease.
This relationship did not present as grouped, but rather as a
continuum.

DAMGO-induced changes in preBo6tC rhythm and Ca®"
transient amplitude

Double transduction with first AAVRetro-jGCaMP7f unilateral-
injected in the right ventrolateral preBotC area, followed by
drop transduction of the entire culture with AAV9-JRCaMP1b
(Fig. 4A), permitted alternating dual-imaging (20 s jGCaMP7f
imaging followed by 20 s JRCaMP1b imaging) of rhythmic Ca>*
transients in the retrogradely labeled contralateral preB6tC area
(JGCaMP7f, green fluorescence), and regions outside the preBotC
(JRCaMP1b, red fluorescence). This dual-labeling approach per-
mitted quantification of Ca*" transient amplitudes in the core
rhythmogenic preBotC area, and surrounding regions, whose ac-
tivity presumable is driven by preBotC activity. Control images
from a ROI encompassing the preB6tC were compared with
images after adding the MOR agonist DAMGO (1 um for 15 min)
to the standard aCSF (Fig. 4B). DAMGO reduced the burst fre-
quency from 34 = 8 to 20 = 5 bursts/min, with a partial reversal
of the effect after a 30-min wash (one-way ANOVA, F=34.65,
p=0.0002, N=5. Tukey’s post hoc analysis of Ctrl. vs DAMGO-
15 min, p=0.0038, DAMGO-15min vs wash, p=0.018; Fig. 4C).
Interestingly, the Ca®* transient amplitudes were increased by
DAMGO measured with both jGCaMP7f and JRCaMP1b in the
contralateral preB6tC area. jGCaMP7f: Ctrl,, 12.2 + 12.6 AF/F %,
DAMGO-15min, 214 *19.1 AF/F % (ratio paired Student’s
t test, t(5) = 3.92, p=0.0052, N=6). JRCaMP1b: Ctrl, 10.4 = 4.2
AF/F %, DAMGO-15min, 11.9*+ 4.1 AF/F % (ratio paired
Student’s ¢ test, ts) = 3.33, p=0.0104, N=6). The Ca®" transient
halfwidths were increased from 765+ 205 to 946 % 280ms
(paired Student’s  test, £, = 2.83, p=0.01, N=5). Rhythmic Ca*"
transient amplitudes (JRCaMP1b) outside the preBotC in a com-
bined region encompassing pre-XII, XII, and para-medial regions
did not change. Ctrl, 8.8*+3.1 AF/F %, DAMGO-15min,
7.7 = 2.7 AF/F % (ratio paired Student’s f test, t5) = 1.82, p =0.063
(ns), N=6). Thus, a 15-min application of DAMGO resulted in
the predicted reduction in the spontaneous rhythmic preBstC
activity (Ramirez et al., 2021), which was accompanied by an
increased amplitude of the Ca®™ transients coming from the com-
bined ensemble of neurons in the preBstC.

Hypoxia-induced changes in preBotC rhythm and Ca**
transients did not display an inverse relationship between
the burst frequency and rhythmical Ca** transients

To determine whether a reduction in burst frequency, brought
about by pharmacological perturbation of rhythmic processes in
the preBotC, is always accompanied by an increase in the ampli-
tude of the Ca®>" transients coming from preBotC neurons, slice
cultures were exposed to a hypoxic insult (Fig. 5). Control images
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from a ROI encompassing the preBotC were
compared with images after 30-min hypoxia A
induced by changing the standard aCSF to an
aCSF solution prebubbled with 95% N,/5%
CO, (Fig. 5A). Hypoxia reduced the burst
frequency from 36 = 8 to 15 * 6 bursts/min
(paired Student’s ¢ test, sy = 5.97, p =0.0009,
N=6). However, the Ca®" transient ampli-
tudes were reduced by hypoxia measured
with both jGCaMP7f and JRCaMP1b in the
contralateral preBotC. jGCaMP7f: Ctrl., 13.7 * B
7.1 AF/F %, hypoxia-30 min, 7.7 = 4.9 AF/F %
(paired Student’s t test, t5 = 3.82, p=0.005,
N=6). JRCaMP1b: Ctrl,, 16.8 = 8.0 AF/F %, hy-
poxia-30 min, 7.5 = 4.5 AF/F % (paired Student’s
t test, t(s) = 4.78, p=0.003, N = 6). Rhythmic
Ca’?" transients (JRCaMP1b) outside the
preBotC in a combined region encompass-
ing pre-XII, XII, and para-medial regions were
also reduced by hypoxia: Ctrl., 18.9 = 10.1 AF/
F %, hypoxia-30 min, 3.3 = 2.8 AF/F % (paired
Student’s ¢ test, f5) = 4.38, p=0.004, N=6).
The Ca®™ transient halfwidths (jGCaMP7f)
were reduced from 595 * 176 to 416 * 38 ms
(paired Student’s t test, ¢4 = 2.75, p=0.03,
N=5). Interestingly, although the general effect
of hypoxia was a reduction in Ca®" transient
amplitudes in larger regions sampled in the
culture, cellular level imaging revealed that a
subset of neurons in and around the preB6tC
showed an increase in Ca®" transient ampli-
tude of 5.8 = 3.9% AF/F (N =5, n=49 neurons)
in response to hypoxia (Fig. 5D).

Control

DAMGO-induced changes in glutamate and

GABA transients during spontaneous

preBo6tC rhythm

To determine the effect of DAMGO on the amplitude of glu-
tamate and GABA transients during spontaneous rhythmic ac-
tivity, imaging was performed from network-ROIs placed in the
preBotC in SF-iGluSnFR.A184S or iGABASnFR-labeled slice
cultures (Fig. 6). In SF-iGluSnFR.A184S-labeled cultures,
application of DAMGO reduced the burst frequency from
36 * 7 burst/min (Ctrl.) to 20 = 2 burst/min (DAMGO-15 min)
and 25 = 3 burst/min (DAMGO-30 min), with a partial reversal
of the effect after a 30-min wash [Ctrl. vs DAMGO-15 min:
paired Student’s ¢ test, f3) = 4.97, p=0.0078, Ctrl. vs DAMGO-
30 min: paired Student’s ¢ test, f3) = 5.61, p= 0.0056, Ctrl. vs
wash-30 min: paired Student’s ¢ test, f3 = 2.22, p=0.057 (ns),
N=4; Fig. 6B]. The same effect was observed in iGABASnFR-la-
beled cultures, where application of DAMGO for 15 and 30 min
reduced burst frequency from 32 =17 burst/min (Ctrl.)
to 17 =10 burst/min (DAMGO-15) and 22 =5 burst/min
(DAMGO-30), respectively. A reversal of the effect was also
observed after washing for 30 min, increasing the burst fre-
quency to 30 = 12 burst/min [Ctrl. vs DAMGO-15 min: paired
Student’s f test, £(3) = 3.55, p =0.019, Ctrl. v DAMGO-30 min:
paired Student’s ¢ test, {5y = 3.81, p=0.031, Ctrl. vs wash-30 min:
paired Student’s ¢ test, f3) = 0.87, p=0.224 (ns), N=4; Fig. 6D].
Notably, application of DAMGO increased the amplitude of both
rhythmic glutamate and GABA transients. In SF-iGluSnFR.
A184S-labeled cultures, application of DAMGO for 15 min,
but not 30 min, increased the glutamate transient amplitude

AAV9-jRCaMP1b

AAVRetro-
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Figure 4. DAMGO reduces burst frequency, but increases @a*" transient amplitudes. 4, Left panel, Diagram of the experi-
mental paradigm. Organotypic slice cultures containing the preBotC were injected with AAVRetro-jGCaMP7f in the right ven-
trolateral area, followed by drop-transduction with AAV9-jRCaMP1b (1 d later). After 714 d, rhythmic activity in the left side
of the culture (dotted square) was imaged while excting jGCaMP7f and jRCaMPTb in tandem (20-s epochs). Right panels,
Cyde-triggered averaged images (3-15 cycles over 20-s epochs) of the Ca** transients for jGCaMP7f (green), jRCaMP1b
(red), and overlay, under control and after 15min of 1 um DAMGO. B, Raw fluorescence traces (RFU: relative fluorescence
units) from a ROl encompassing the preBotC (dotted square in A, Control-jGCaMP7f) in the jGCaMP7f (green) and jRCaMP1b
(red) imaging channels in control, during 15 min of DAMGO, and after a 30-min wash. Note the decrease in burst frequency,
but increase in Ca>™ transient amplitudes. €, Group data (mean = SEM) of the burst frequency and Ca>™ transient ampli-
tude response to DAMGO in the respective fluorescence channels.

to 166 = 27 AF/F % relative to the control, with a reversal of
the effect after a 30-min wash [Ctrl. vs DAMGO-15 min:
0.02 = 0.01 (RFU) vs 0.03 = 0.02 (RFU), paired Student’s t test,
ta) = 2.61, p=0.0396, Ctrl. vs DAMGO-30 min: 0.02 £ 0.01 (RFU)
vs 0.02 = 0.02 (RFU), paired Student’s t test, £y = 0.10, p=0.46
(ns), Ctrl. vs wash-30 min: 0.02 = 0.01 (RFU) vs 0.02 %+ 0.01
(RFU), paired Student’s ¢ test, #3) = 0.05, p=0.48 (ns), N=4; Fig.
6A,B]. In iGABASnFR-labeled cultures application of DAMGO
for 15 min, but not 30 min, also increased the GABA transient
amplitude to 282 = 41 AF/F % relative to the control, with a re-
versal of the effect after a 30-min wash [Ctrl. vs DAMGO-
15 min: 0.0018 = 0.0004 (RFU) vs 0.005 = 0.001 (RFU), paired
Student’s ¢ test, t3y = 8.33, p=0.0018, Ctrl. vs DAMGO-30 min:
0.0018 = 0.0004 (RFU) vs 0.0042 = 0.0019 (RFU), paired Student’s
t test, t3y = 2.14, p=0.061 (ns), Ctrl. vs wash 30 min: 0.0018 =
0.0004 (RFU) vs 0.0226 = 0.0005 (RFU), paired Student’s ¢ test,
t3) = 1.89, p=0.078 (ns), N=4; Fig. 6G,D].

DAMGO-induced changes in glutamate but not GABA
signaling during stimulus-induced release under rhythm
blockade

To determine whether DAMGO has an effect on glutamate and
GABA release a series of experiments using a constant electrical
field-stimulus to evoke glutamate and GABA transients were
performed (Fig. 7). To begin, spontaneous rhythmic activity was
brought to cessation using a cocktail of ionotropic ion channel
blockers consisting of 20 um NBQX, 20 um CPP, 20 um gaba-
zine, and 1 uM strychnine, effectively blocking AMPA, NMDA,
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Figure 5. Hypoxia reduces both burst frequency and Ca>* transient amplitudes. 4, Left panel, Diagram of the experi-
mental paradigm. Organotypic slice cultures containing the preBotC were injected by AAVRetro-jGCaMP7f in the right
ventrolateral area, followed by drop-transduction with AAV9-jRCaMP1b (1 d later). After 714 d, rhythmic activity in the
left side of the culture (dotted square) was imaged exciting jGCaMP7f and jRCaMP1b in tandem (20-s epochs). Right
panels, Cycle-triggered average images (3-15 cycles over 20-s epochs) of the AF/F (a®" transients for jGCaMP7f
(green), jRCAMP1b (red), and overlay, under control and during 30-min hypoxia. B, Raw fluorescence traces (RFU: relative
fluorescence units) from a ROl encompassing the preBotC (dotted square in A, Control-jGCaMP7f) in the jGCaMP7f
(green) and jRCaMP1b (red) imaging channels in control, and after 30-min hypoxia. Note the decrease in burst frequency
and Ca** transient amplitudes. €, Group data (mean = SEM) of the burst frequency and Ca*" transient amplitude
response to hypoxia in the respective fluorescence channels. D, Left panel, Zoom of the preBotC area in control, and hy-
poxia imaged using jGCaMP7f. A digital subtraction of the two images (Control minus hypoxia) with contrast centered
on zero, and max =10, min = —10 AF/F % depicts neurons with a decrease in AF/F as white, and cells with an
increase as black (example neuron: magenta arrow). Right panel, Top blue traces are cycle-triggered averages of @
transients in a ROl (blue dotted circle) encompassing the entire preBotC region in control and during hypoxia. Bottom
magenta traces are cycle-triggered averages of Ca®* transients in a ROI (magenta arrow) from a single neuron in the
preBotC region. Note, that there are several neurons that show an increase in fluorescence, although the entire region
on average shows a decrease.

GABA,, and glycine receptors, respectively (Fig. 7A). This
cocktail had two primary functions. First, it blocked spontane-
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The field-stimulus electrode was then moved
to the contralateral preBotC, and the stimulus
paradigm was repeated with bath application
of DAMGO after 8 min (Fig. 7C,E, solid
arrow). The continuous stimulations (16),
without application of DAMGO, showed a
decrease in stimulus-induced glutamate and
GABA transient amplitude over the entire
~20-min experiment, but the initial four to
five stimulus showed minimal reductions.
Importantly, DAMGO reduced the peak am-
plitude of the stimulus-induced glutamate
transients, causing, in cumulated amplitudes
AF/F of six, eight and 10 min after adding
DAMGO, a decrease from 99.34 * 0.03 AF/F
% (relative to 1st four stimulations) to
57.94 = 0.08 AF/F % (relative to 1st four
stimulations; Ctrl. vs DAMGO cumulated
amplitudes of 6-, 8-, and 10-min stimula-
tions: paired Student’s ¢ test, £(;;) = 13.99,
p <0.0001, N=4; Fig. 7B,C]. Next, the same
experiment was performed with iGABASnFR
(Fig. 7E), but here DAMGO did not change
the amplitude of the stimulus-induced GABA
transient [Ctrl. vs DAMGO cumulated ampli-
tudes of 6-, 8-, and 10-min stimulations:
64.68 = 40.29 AF/F % (relative to 1st four
stimulations) vs 73.7 = 38.7 AF/F % (relative
to 1st four stimulations), paired Student’s ¢
test, tg) = 0.61, p=0.5542 (ns), N = 3; Fig. 7E].

Discussion

In this study, we used genetically-encoded sen-
sors to visualize the dynamics of Ca®", gluta-
mate, and GABA in the rhythmic preBotC.
There was inverse relationship between the
spontaneous preBotC burst frequency and am-
plitude/halfwidth, appearing in the Ca>* and
glutamate signals. This inverse relationship
was also noted when applying DAMGO, that
slowed the rhythm, and increased burst am-
plitude/halfwidth. A hypoxic insult slowed
the rhythm, but did not result in the same
inverse relationship. Using electrical stimu-
lus-evoked glutamate and GABA transients
under rhythm-blockade, we found that
DAMGO inhibits glutamate, but not GABA
release. This indicates that MOR mediated

ous rhythmic activity, and ensured that following an electrical
stimulation, activated neurons would not subsequently excite
other preBotC neurons, which would invalidate quantification
of the stimulus-induced glutamate and GABA release. Second,
we rationalized that by blocking the major target receptors of
glutamate and GABA most of the presynaptically released
transmitter would bind to the optical sensor molecules, and the
recorded signal would reflect the amount of transmitter
released (Fig. 7A). Following the addition of the cocktail, a se-
ries of 16 preBotC field stimulations (train of 10 pulses, which
was near maximal effect of trains; Fig. 7F) with 2-min intervals
were conducted in one side of bilaterally AAV-injected cultures,
without adding DAMGO to measure the baseline release of gluta-
mate or GABA over time in a preB6tC network-ROI (Fig. 7C-E).

slowing of the inspiratory rhythm involves inhibition of gluta-
mate release, which would change the network dynamics, and
impact the ability of glutamatergic neurons to engage in recur-
rent excitation affecting rhythmogenesis.

Visualization of glutamate and GABA in the preBstC

Using SF-iGluSnFR.A184S and iGABASnFR we optically con-
firm the involvement of glutamatergic and GABAergic signaling
in the rhythmic preBotC (Del Negro et al., 2018; Ramirez and
Baertsch, 2018). It is unclear whether SF-iGluSnFR.A184S is
present in the presynaptic or postsynaptic membrane or both.
The pattern of baseline labeling often included clear somatic and
dendritic profiles, on top of which oscillating synapse-like areas
were present, suggesting a postsynaptic expression. When the
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SF-iGluSnFR.A184S. This could be because '\bfbg&$®% o S
of different viral serotypes, since AAVRetro- PP PP PP
SF-iGluSnFR.A184S was a retrograde virus D™ S8 S
whereas the AAV1-iGABASnFR was an < © N o0
AAV1, and we have noticed differences in  pigure 6, DAMGO-induced changes in glutamate and GABA signaling during spontaneous preBGtC rhythm. 4, Top left

subcellular expression and spatial distribu-
tion using the retrograde and AAV9 sero-
types (Daniel Gémez et al, 2021). The
release of GABA may also be less punctate
because of differences in uptake mecha-
nisms or synaptic arrangements in the
preBotC.

Inverse relationship between preBotC
burst frequency and burst amplitude/
halfwidth

The inverse relationship between burst

Raw fluorescence traces (SF-iGluSnFR.A184S; RFU: relative fluorescence units) from a network-ROI of the preB6tC before and
after 15-min addition of 1 zw DAMGO. Top right, Cycle-triggered averaged traces of glutamate transients before (Ctrl.) and
after addition of 1 M DAMGO (gray outlines are SEM error bands), normalized to Ctrl. (N =4, Ctrl.: n =91, DAMGO: n = 53).
Bottom images, Cycle-triggered averaged images of the glutamate transients (AF/F) before (27 cycles over a 40-s epoch)
and after addition of 1 L DAMGO (13 cycles over a 40-s epoch). B, Group data (mean == SEM) of the relative change in
burst frequency (left) and glutamate transient amplitude (right) from control, at 15 and 30 min into 1 zm DAMGO and a 30-
min wash, respectively (N = 4). C, Top left, Raw fluorescence traces (iGABASnFR; RFU: relative fluorescence units) from a net-
work-ROI of the preBotC before and after addition of 1 s DAMGO. Top right, Cycle-triggered averaged traces of GABA tran-
sients before and after addition of 1 uum DAMGO (gray outlines are SEM error bands) normalized to Ctrl. (N =4, Ctrl.: n =86,
DAMGO: n=53). Bottom images, Cycle-triggered averaged images of the GABA transients before (28 cycles over a 40-s
epoch) and after addition of 1 um DAMGO (11 cycles over a 40-s epoch). D, Group data (mean = SEM) of the relative
change in burst frequency (left) and GABA transient amplitude (right) from control, at 15 and 30 min into 1 zem DAMGO and
a 30-min wash, respectively (V=4). Note that both glutamate and GABA transients increase in amplitude during 15-min

frequency and burst amplitude/halfwidth
was initially observed using the Ca®>" sen-
sor jGCaMP7f, and suggests that a slower
rhythm is associated with ensembles of preBo6tC neurons that
spike more during a burst. The slower rhythm may also provide
more time and baseline hyperpolarization to de-inactivate Ca**
channels to a greater extent, and also de-inactivate more Na "
channels to cause higher amplitude spikes that evoke more
Ca®" channel activation. This would imply that stronger
bursts should lead to an increase in glutamate release,
which indeed was the case, as we observed the same inverse
relationship when analyzing rhythmic glutamate transi-
ents. A number of studies have observed this inverse rela-
tionship using recordings from preBotC neurons, where
inspiratory bursts are followed by afterhyperpolarizations, the size
of which depend on the burst amplitude. Afterhyperpolarizations
are likely because of intrinsic membrane properties, which in
combination with a short period of synaptic depression cause

DAMGO, while burst frequency is reduced.

a refractory period (Rekling et al., 1996; Zavala-Tecuapetla
et al., 2008; Krey et al., 2010; Zhang et al., 2010; Picardo et
al., 2013; Guerrier et al., 2015; Kottick and Del Negro, 2015;
Baertsch et al., 2018; Revill et al., 2021). This would imply
that weaker bursts should be followed by shorter refractory
periods, and in support of this idea, phasic optogenetic
stimulation of inhibitory neurons in the preB6tC inhibit the
excitatory drive during an ensemble burst causing an
increase in burst frequency (Cregg et al., 2017; Baertsch et
al., 2018). Together, these data suggest that the preB6tC
network sustains bursting with varying degree of ensemble
activity, either through variation in number of spikes per
burst, or number or type of participating neurons, thereby
determining the length of the refractory period. Other fac-
tors must also be involved, since the respiratory network in
the brainstem can sustain rhythmic motor output (on XII
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Figure 7.  DAMGO-induced changes in glutamate, but not GABA signaling, during electrical stimulus-induced release under
rhythm blockade. A, Diagram illustrating how a cocktail of ion channel blockers (20 um NBQX, 20 um CPP, 20 um gabazine,
and 1 um strychnine) is hypothesized to isolate SF-iGluSnFR.A184S as target for presynaptic release of glutamate. B, Top,
Averaged traces of stimulus-induced glutamate transients (normalized to 1st stimuli) before and after application of 1 um
DAMGO (10 min, gray outlines are SEM error bands) as well as after adding 100 um cadmium sulfate (Cd®™*) to block all release
(N'=4). Bottom, Diagram of the experimental paradigm for stimulus-induced glutamate transients. C, Group data (mean =+
SEM) of the normalized stimulus-induced glutamate transients over time (2-min intervals), with and without adding DAMGO
(N=4). *** statistical significance for Ctrl. versus DAMGO cumulated amplitudes of 6, 8, and 10 min of stimulation. D, Cycle-
triggered averaged image of stimulus-induced glutamate transients (AF/F) before (t =0 min) and 6 min into 1 zm DAMGO. E,
Top left, Diagram of the experimental paradigm of stimulus-induced GABA transients. Top right, Averaged traces of stimulus-
induced GABA transients before and after application of 1 wm DAMGO (10 min, gray outlines are SEM error bands). Bottom,
Group data (mean == SEM) of the normalized stimulus-induced GABA transients over time (2-min intervals), with and without
adding DAMGO (N = 4). F, Relationship between amplitude of stimulus-induced glutamate transients and pulse numbers (peak
amplitude normalized to 1st stimuli, N = 5). Note that DAMGO reduces the amplitude of stimulus-induced glutamate transients
but has no effect on stimulus-induced GABA transients, suggesting an effect on presynaptic release of glutamate.

nerves) with similar amplitudes at very different frequencies
(Del Negro et al., 2009).
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2021), some variable increase/decrease
(Johnson et al,, 1996; Burgraff et al,
2021), and some an increase (Barnes et
al., 2007). We speculate that differences
in preparation, concentration of the
MOR agonists, and time dependency of
the drug application might have cap-
tured different aspects of the MOR ago-
nist response in these and our study.

Using dual-imaging (jGCaMP7{/
JRCaMP1b) of rhythmic Ca®" transi-
ents from the preBo6tC, and the sur-
rounding rhythmic regions, we observed
an increase in burst amplitude in the
preBotC, but interestingly not in the
surrounding regions, in response to
DAMGO. However, both areas showed
a reduced burst amplitude and more
irregular rhythm during the hypoxic
challenge. We hypothesize, that although
both DAMGO and hypoxia lead to a
reduced burst frequency, the underlying
mechanisms might be different, with
MOR activation being accompanied by
burst amplitude increase in the core
rhythmogenenic preBotC. This idea is
further supported by the observation
that hypoxia, but not DAMGO, indu-
ces a subset of neurons in preBotC,
which show an apparent increase in
Ca*" transient amplitude, while the over-
all effect is to decrease Ca’" transient
spontaneous rhythmic glutamate. The
inverse relationship between burst fre-
quency and burst amplitude/halfwidth in
response to DAMGO was also observed
when measuring glutamate and GABA
transients, indicating that the slower
rhythm indeed involves a phasic increase
in glutamate and GABA release.

MOR agonists postsynaptically hyper-
polarize preB6tC neurons (Gray et al.,
1999; Haji et al., 2003; Montandon et al.,
2016; Baertsch et al., 2021), and electro-
physiological experiments suggest that
presynaptic release mechanisms are also
involved (Takeda et al., 2001; Wei and
Ramirez, 2019; Baertsch et al., 2021).
Our optical measurements of glutamate
release, under rhythm blockade, demon-
strate that DAMGO indeed reduces the
release of glutamate, but not GABA. It
should be mentioned that this experi-

mental paradigm is an indirect measurement of glutamate/

GABA release, and there are some caveats. We surmise that the

Opioid-mediated changes in preB6tC rhythm and glutamate
release

That DAMGO-induced slowing of rhythmic preBotC activity is
accompanied by an increase in burst amplitude/halfwidth in
the organotypic cultures is surprising. Some in vitro studies
on the isolated preBotC report no effect on the preBotC
burst amplitude by MOR agonists (Sun et al., 2019, Wei and
Ramirez, 2019), some report a decrease (Baertsch et al.,

electrical stimulation using a stimulus train, recruits the same
number of neurons/fibers before and after adding DAMGO, but
do not know whether the hyperpolarizing action of DAMGO
might cause some neurons to fail to be recruited. The glutamate
and GABA signal is likely coming from other neurons in the
preparation, but we cannot exclude that the electrical stimulus
might have a releasing effect of glia cells, nor that metabotropic
signaling might be involved as the cocktail only included
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ionotropic blockers. The marked DAMGO effect on overall glu-
tamate release in the preBotC is surprising, since only ~8% of
preBotC neurons express MOR (Hayes et al., 2017; Bachmutsky
et al, 2020), which may suggest that this small population of
neurons have extensive glutamatergic connections within the
preBotC.

How does the DAMGO-evoked presynaptic inhibition of glu-
tamate release, but not GABA release, lead to a network effect
that encompasses a larger burst amplitude/halfwidth of both in-
tracellular Ca*", glutamate, and GABA transients? Our experi-
ments do not point to a clear answer to this. One possibility is
disinhibition, where reduced glutamate release lead to reduced
excitation of a subset of inhibitory neurons, whereby inhibition
is removed from part of the network leading to an overall
increase in ensemble activity. An alternative is that the dynamics
of the SF-iGluSnFR.A184S and iGABASnFR signals might
change as the rhythm slow down. Sniffer-patch techniques might
help solve this issue, more directly measuring glutamate release
(Maeda et al., 1995).

Substance P, which increases rhythmic activity (Gray et al,,
1999), appear to mediate this effect by affecting primarily the per-
colating phase leading up to a burst, without affecting the refrac-
tory period or burst duration (Baertsch and Ramirez, 2019). Thus,
a picture emerges that different modulators of breathing frequency
make use of different cellular mechanisms, and although the
mechanisms at receptor and effector level are fairly well under-
stood, the picture at the network level is still unclear, underscoring
the need for unraveling the precise connectivity pattern among
excitatory and inhibitory neurons in the preBo6tC.

In conclusion, opioid mediated slowing of preB6tC rhythm
involves presynaptic reduction of glutamate release, which may
lead to changes in the network dynamics of both glutamatergic
and GABAergic signaling.
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